The anomalous X-ray scattering (AXS) method using Mo Κ absorption edges has been employed for obtaining the local structural information of superionic conducting glass having the composition (AgI)o.6(Ag2Mo0 4 )o.4· The possible atomic arrangements in the near-neighbor region of this glass were estimated by coupling the results with the least-squares variational analysis so as to reproduce the differential intensity profile for Mo as well as the ordinary scattering profile. The coordination number of oxygen around Mo is found to be about 4 at the distance of 0.180 nm. This implies that the most probable structural entity in the glass is the M0O4 tetrahedral unit which has been proposed based on infrared spectroscopy. The value of the coordination number of Γ around Ag + is estimated as 4.4 at 0.287 nm, suggesting an arrangement similar to that of crystalline or molten Agl.
INTRODUCTION
Agl-doped superionic conducting glasses have been extensively studied by different techniques for delineating the relationship between structure and properties, particularly with reference to their high ionic conductivity /1-3/. The conductivity increase in these glasses induced by adding the Agl component is attributed to the formation of clusters or microdomains of Agl embedded in the glassy matrix /4/. Recent X-ray studies on these glasses, however, contradict the cluster model and suggest that Agl is dispersed in the glassy matrix 15,61. Although some other spectroscopic measurements using infrared, Raman and NMR are available, it is difficult to obtain conclusive evidence for structural moieties in multicomponent disordered systems from such data. Thus, further structural studies are needed for providing critical information on the origins of enhanced ionic conductivity in these superionic conducting glasses. The Agl-Ag20-Mo03 glass system is one of the typical superionic conducting glasses showing high ionic conductivity of the order of 1 Ω^ηι' 1 at room temperature /7,8/. Speculations on the structure of this glass system are based on data from infrared spectroscopy and ionic conductivity. The (AgI) x (Ag 2 MoC>4)i . x glasses may be visualized as consisting of Ag + , Γ and monomer M0O4 2 ' ions .9,10/. Only a part of Ag + ions in the glass, which originate from the Agl component, primarily contribute to ionic conduction in this glass system However, these structural features have not been well established.
The purpose of this work is to identify the local atomic configurations including interatomic distances and coordination numbers, in the superionic conducting glass (AgI)o.6(Ag2Mo0 4 )o.4 by applying the anomalous X-ray scattering (AXS) method and the least-squares analysis of interference functions.
EXPERIMENTAL PROCEDURE
The sample of (AgI)o. 6 (Ag2Mo0 4 )o.4 glass was prepared from high-grade chemical reagents Agl and Ag2Mo0 4 . Calculated amounts of the materials were weighed, thoroughly mixed and then heated in a silica tube. After melting at 870K, the glass was obtained by quenching into ice water. A mass density of the sample, determined by the Archimedean method with toluene as the liquid medium, was found to be 6.18 Mg/m 3 . The AXS measurements for the (AgI)o. 6 (Ag2Mo0 4 )o. 4 glass sample were carried out with synchroton radiation at a beam line (6B station) where a Si(lll) doublecrystal monochromator covering the energies ranging from 4 to 21 keV is available in the Photon Factory of the National Laboratory for High-Energy Physics, Tsukuba, Japan. The sample mounted on a double-axis goniometer was placed vertically to eliminate the polarization effect. The incident beam was monitored by a N 2 gas flow type ion chamber placed in front of the sample so as to keep constant the number of photons incident on the sample. The scattering intensities were measured by a pure Ge solid state detector so that the fluorescent radiation from the sample during measurements near the absorption edge can be removed from the elastic scattering with a pulse height analyzer. After correction for air scattering, absorption and polarization, the measured intensity was converted to electron units per atom with the generalized KroghMoe-Norman method using the X-ray atomic scattering factors, including their anomalous dispersion terms /ll/. The Compton scattering was corrected using the tabulated values /12/.
Details of the data analysis of the AXS measurement have been described elsewhere /13/. Only some fundamental points are given below. When the energy of the incident X-ray beam is close to the absorption edge Ελ, of one of the constituent elements, the atomic scattering factor becomes complex due to the resonance scattering phenomena and can be expressed in the form j{Q,E) =f{Q) + f\E) + if\E), where Q and Ε are the wave vector and the incident Xray energy, respectively. The normal atomic scattering factor is represented by f(Q). The terms f\E) wAf\E)
are the real and imaginary parts of the anomalous dispersion term, which depend upon the energy of the incident X-ray. of f\E) and f\E) of Mo, Ag, I and Ο calculated in the close vicinity of the Mo Κ absorption edge using the relativistic Cromer-Liberman scheme IUI. When the incident energy is set to an energy below Mo Κ absorption edge, the detected variation in intensity •^Μο(β) may be attributed only to the change of the anomalous dispersion terms of fuo and f'W Furthermore, in the lower energy side of the absorption edge, the imaginary part /"mo is small and almost constant And then we have only to consider the energy dependence in intensity due to the real part /μ». Therefore, the following relation is readily obtained /14/:
where E&. > E 2 > E\, I(Q,E) is the coherent X-ray scattering intensity in electron units per atom, c* the atomic fraction of the i-element, pt,io*(r) the radial Mo AT-absorption edge £«ir=20.002keV density function of the ^-element around Mo at a radial distance of r, and p<* is the average number density of the fc-element in the system. 91 denotes the real part of the values in the brackets. The environmental radial distribution function (RDF) for Mo is estimated by Fourier transformation of the quantity of Ai^iQ) in Eq. (1).
where po is the average number density in the system. Consequently, the environmental structure around Mo atom can be obtained by measuring the energy dependence of the X-ray scattering intensity with more than two energies in the close vicinity of the absorption edge of Mo. Figure 2 shows the coherent intensity profiles of the (AgI)o. 6 4 glass and the corresponding correlation distance r is calculated to be about 0.79 nm It is likely that a particular correlation of short-range ordering of about 0.8 nm is present in this glass system.
RESULTS AND DISCUSSION
The differential interference function for Mo, calculated by taking the difference between the two intensities using Eq. (1), are also given in Fig. 2 . Figure 3 shows the environmental RDF obtained from the differential interference function 0^»mo(0 by Fourier transformation for Mo in the (AgI)o.6(Ag2Mo0 4 )o. 4 glass. The ordinary RDF estimated from the scattering profile at the single energy of 19.702 keV is also illustrated in Fig. 3 . The histogram indicates the peak positions found in crystalline Ag 2 Mo0 4 of spinel-type structure for comparison. It may be worth noting here that a direct comparison between these two curves is only possible for the values on the abscissa, because different weighting factors are used on the ordinate.
The molybdenum atoms are known to exhibit octahedral or tetrahedral coordination typical of Mo 6 * oxides /20/ with the Mo-0 distance ranging from 0.17 to 0.23 nm. On the other hand, the Ag atom is found to be octahedrally coordinated by oxygen with a distance of 0.24 nm in crystalline Ag2Mo0 4 which has a spinel structure /21/ and linearly coordinated by oxygen with a distance of 0.20 nm in crystalline AgzO. For these reasons, it is difficult to identify the first and second peaks in the ordinary RDF at around 0.18 nm and 0.24 nm with Mo-0 and/or Ag-0 pairs. The AXS results According to Narten and Levy, the interference function is given by
where is the number of type-fc atoms around any type-./' atom at the distance r^ and the value of bjk is the mean square variation. The quantities of Rap and baß correspond to the mean and the variance of the boundary region which need not be sharp /24/. It is noted that the first and second terms on the right hand side of Eq. (3) represent a discrete Gaussian-like distribution and a continuous distribution with an average number density at long distance, respectively. The distance and coordination number of interest in near-neighbor correlations are refined by the leastsquares calculation of Eq. (3) so as to reproduce the two independent experimental interference data obtained by the AXS method for Mo and the ordinary diffraction. It is to be noted that this procedure is not mathematically unique. However, the structural parameters in the nearneighbor region can be quantified with a much higher reliability with this method, satisfying all the necessary conditions. The non-linear least-squares program developed by Levy et al. 1251 is slightly modified in the present study for convenience.
The least-squares variational method is executed by iteration with the local structural information in crystals as starting parameters. The resultant structural parameters are summarized in Table  The uncertainties are also estimated from the variancecovariance matrix in the least-squares variational method /15/ and they are also included in the table. The structural parameters listed in Table 1 reproduce two independent interference functions of QAiUo{Q) and Qi(Q), as shown in Fig. 4 . This agreement is evidence that the present approach basically works well.
As shown in Table 1 Of course, the X-ray scattering method does not differentiate between different Ag + ions in the glass, whether they originate from Agl or Ag2MoC>4. Nevertheless, considering the experimental data on different mobilities for Ag + ions /9,10/, the present authors are of the view that a fraction of the Ag + ions are surrounded by 4 iodine ions. Consequently, the local structure of the added Agl is similar to that of crystalline or molten Agl.
CONCLUSION
By applying the AXS method with least-squares variational analysis /24/ to a superionic conducting glass of the composition (AgI) 0 .6(Ag 2 MoO 4 )0.4, local structural information such as interatomic distances and coordination numbers around Ag and Mo have been determined. The M0O4 tetrahedra is favored in the glass as the fundamental local ordering structure. A part of Ag + ions are coordinated by oxygens. The Ag + ions that originate from the Agl component appear to be surrounded by four iodine ions, and this locally ordered structure gets into the glassy oxide matrix keeping the immediate environment of Ag + ions similar to that in crystalline or molten Agl.
